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Designing transformers for HF applications with low magnetizing inductance is 
challenging because of increased core and copper losses and losses due to stored energy 
in the leakage inductance. Many converter topologies and applications cannot absorb the 
leakage inductance of the transformer, so designs that minimize leakage are very 
valuable. We propose a transformer structure which has low leakage inductance and low 
losses making it suitable for applications requiring energy storage transformers or 
coupled inductors. The transformer structure achieves near zero MMF drop across the 
window which results in a design with low leakage. It achieves current conduction along 
most of the skin of the conductors and is also suitable for high turns ratio applications 
because of its ability to achieve equal current sharing between paralleled turns. Because 
of these reasons, the transformer achieves low conduction losses without requiring the 
use of litz wire. Step-by-step design guidelines are proposed to achieve a roughly 
optimized structure and the design of a transformer with 𝐿𝑚𝑎𝑔 = 105𝑛𝐻 and 1-10 turns 
ratio for use in a 400W, 20-400V coupled-inductor based boost converter is presented.  
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Chapter 1: Introduction 
MOTIVATION 
Solid state power conversion has seen advancements on many fronts. The 
proliferation of Metal Oxide Semiconductor Field Effect Transistors (MOSFETs), the 
advent of Wide Bandgap Devices, and advancements in multi-layer ceramic capacitors 
have enabled steady increases in the switching frequency of the power converters. Faster 
switching frequencies are desirable because they lead to reduced volume of energy 
storage components (like capacitors and magnetics), which increases the power density of 
the converters. Miniaturization of power converters makes possible their proliferation in 
current applications and enables incorporation in new ones. Reducing the size of 
magnetics, however, has fundamental limitations which requires committing more 
research efforts to advance the state-of-the-art. Even today, it is not uncommon to find 
magnetics accounting for more than half of the power converter’s volume. 
Scaling down the size of magnetics leads to a larger reduction in the power 
handling capacity of the magnetic device. For example, for the same power handling 
capability, a larger magnetic structure would have better performance than multiple 
smaller magnetic structures processing the same net power [1]. Hence, magnetics faces 
an uphill battle to miniaturization, more so than capacitors.  
While energy storage requirements decrease with frequency, both core loss and 
copper loss increase; nevertheless, it has been shown that magnetic components should 
still decrease in volume up to tens of MHz [10] so long as magnetic structures can be 
designed to avoid proximity effect losses. 
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CHALLENGES IN DESIGNING HIGH FREQUENCY MAGNETICS 
Core and copper losses, both scale up very quickly with the frequency of 
operation and the conventional approaches of reducing these losses either do not work 
well or can even lead to more harm than good at HF. For example, using wider 
conductors to reduce the DC resistance can significantly increase conduction losses. This 
is contrary to what one would expect with the knowledge of only the low frequency loss 
mechanisms. These increased losses at high frequencies can be attributed to the eddy 
currents induced in the conductor. It is thus important to understand and invest more 
research efforts towards mitigating high frequency loss mechanisms to allow 
miniaturization of the magnetics, and hence also power converters. 
Winding loss 
Winding losses in a transformer increase significantly with frequency due to skin 
and proximity effects. The eddy currents induced in a solitary conductor tend to increase 
the current density at the conductor surface and reduce it in the center. The current 
density in the conductor drops exponentially; the characteristic length of which is called 
skin depth (𝛿). Skin depth is inversely proportional to the square root of frequency. Thus, 
at higher frequencies the conductor experiences larger current crowding and higher 
effective resistance.  In many cases, in a non-isolated conductor the H-field around it is 
not the same in magnitude. Current in the conductor crowds near the regions closest to 
the high H-fields. This uneven distribution of current along the skin of the conductor 
further increases the resistance. 
Multiple papers have attempted modelling losses due to these high frequency 
mechanisms, and many others have proposed ways of dealing with the same. Some 
commonly employed methods are – interleaving the primary and secondary turns of the 
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transformer, using single layer windings, shaping the coils to keep them away from the 
fringing fields and using litz wires.  
Each of the above methods, however, has certain limitations. Interleaving of 
windings reduces proximity effect losses by reducing the H-fields in the window. This, 
however, helps little in converters in which the currents in the primary and secondary 
windings are out of phase – like flyback converters. For converters like these and others, 
litz wire is a commonly employed solution to reduce proximity losses. Litz wire is 
formed out of hundreds of fine strands that are externally connected in parallel. These 
strands are twisted in a way that every strand occupies every position inside and on the 
surface of the wire. Because of this manner of twisting the strands, the current does not 
have a preference for which strand to flow through and thus flows almost uniformly 
across the entire cross-section of the wire and does not crowd towards the high H-field 
regions. While litz wires successfully reduce the proximity effect losses, each of the 
strands in the bundle needs to be smaller than the skin depth at the frequency of 
operation. So as frequencies increase, thinner and thinner strands are necessary. The cost 
of incorporating litz wires with very fine strands increases sharply with the frequency of 
operation. The diameter of 48AWG wire is 31𝜇𝑚, which is equal to one skin depth in 
copper at 4.5MHz at room temperature. Manufacturing of wires thinner than 48 AWG 
becomes economically unviable for most applications. Because of the considerable 
premium that needs to be paid for litz wires, for a cost constrained design, the litz wire 
might become unviable much earlier than 4 MHz [17]. Thus, finding ways of reducing 
the proximity effect losses and making the most of solid conductors is important for 
enabling the power converters to operate at high frequencies efficiently and 
economically. 
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In addition to the skin and proximity effects, fringing fields near the gaps in the 
core also contribute to conduction losses. This effect gets worse with increase in the 
frequency. Some commonly employed methods to mitigate the losses from these fringing 
fields are – shaping the winding to keep it away from these fields or placing the entire 
winding away from the gap. Using a Quasi-Distributed (QD) gap instead of a single 
lumped gap is another way to reduce the fringing losses [2][7][23]. The QD gap drops the 
MMF across multiple smaller gaps leading to lower losses due to the fringing fields. In 
[2] it is shown that, if designed properly, QD gaps can successfully reduce these losses. 
Because of these reasons, transformers with distributed or quasi-distributed gaps are now 
becoming available in commercial markets [3]. 
Core loss 
Core loss can be found empirically from the Steinmetz Equation - 𝑘𝑓𝛼𝐵𝛽. It 
scales rapidly with the frequency of operation and also strongly depends on the magnetic 
flux density (B) – 𝛽 is usually between 2 and 3. For a given material, reduced volume 
leads to a higher magnetic field density and hence larger loss. Magnetic components thus 
need to be kept large when operating at higher frequencies to have tolerable core loss. 
This is despite them requiring to store less energy per cycle. These trends have led to 
magnetics increasingly becoming the bottle neck in scaling down the power converter 
volume. Steinmetz parameters (𝑘, 𝛼, 𝛽) are material dependent and hence the choice of 
the core material becomes crucial for designing low loss magnetics. 
Performance factor (ℱ = ?̂?. 𝑓) is commonly used to compare the performance of 
materials over a range of frequencies. ?̂? is the peak AC flux density that leads to a 
particular power loss density, and 𝑓 is the operating frequency. While comparing two 
materials, the material with a higher ℱ, for a particular frequency, can achieve the same 
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power loss density as the one with a lower ℱ, in a smaller core [10]. This is because 
higher ?̂? can be achieved in the core made up of a material with higher ℱ. Likewise, for a 
given core structure, a material with higher performance factor will have lower losses for 
a given operating frequency. In [10] authors have shown that with the available magnetic 
materials, magnetics can continue to reduce in volume up to tens of MHz if they are not 
constrained by proximity losses. 
Leakage inductance 
Leakage inductance is a consequence of the flux generated by one winding not 
linking completely with the other winding. Leakage inductance can become a significant 
percentage of the magnetizing inductance, especially when the required magnetizing 
inductance is small. Energy stored in the leakage inductance can significantly deteriorate 
the efficiency of the converter if it is not recovered in each switching cycle. For example, 
the flyback converter first stores energy in the magnetizing inductance of the transformer 
and then later in the switching cycle transfers it to the output. In a practical design some 
fraction of this energy, equal to the leakage to magnetizing inductance ratio of the 
transformer, gets stored in the leakage inductance. This stored energy adds to the power 
loss of the converter if no additional circuitry for recovering the same is included. In 
which case, the percentage loss in the efficiency is equal to the leakage to magnetizing 
inductance percentage. Thus, a leakage to magnetizing inductance ratio of 2-3% would 
lead to a 2-3% drop in the efficiency. Such a large drop in efficiency due to one source 
alone would be unacceptable in most designs. The energy in the leakage inductance 
resonates with the 𝐶𝑜𝑠𝑠 of the switch in the circuit resulting in a possibly large 𝑉𝐷𝑆 across 
the switch which would then have to be rated for a larger voltage. 
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Some power converter architectures incorporate leakage inductance in the main 
power stage – for example in an LLC resonant converter. While incorporating this 
parasitic leakage inductance in the power stage is straightforward in some converters, in 
others (like in a flyback converter or a coupled inductor based boost converter), clamping 
circuits need to be added. This increases the hardware complexity and circuit cost. Figure 
1 shows that for commercially available Flyback-transformers, as the magnetizing 
inductance reduces to values below 1𝜇𝐻, leakage inductance can become more than 10% 
of the magnetizing inductance which might be unacceptable for many power converters.  
 
 
Figure 1 Leakage and Magnetizing inductances of commercially available energy 
storage transformers 
One common way of reducing the leakage inductance is by packing the 
conductors as tightly as possible. However, it can lead to additional power losses due to 


































secondary currents are not in-phase with each other [4]. For converters like Flyback, the 
losses due to mutual resistance could be quite large.  
Using foil windings instead of circular windings can help in reducing the leakage 
inductance. It is possible to pack the foil windings tightly to achieve better coupling. 
Foils being wide also provide larger reluctance to the flux flowing across the window. If 
designed carefully, a transformer with foil windings can leverage the larger surface area 
of the foils to also reduce the losses due to skin effect. These advantages have been 
exploited before to achieve designs with low leakage as in [5] and [6]. However, to 
maximize these benefits, the foils need to be wide and should be packed with little 
spacing between the adjacent turns. This can lead to a design with large parasitic 
capacitances which could be a concern for high frequency applications [18]. 
The above challenges, in the form of high frequency losses and leakage 
inductances, and limitations of the available solutions call for exploring new strategies 
for designing magnetics for application in high frequency power converters. 
We show that utilizing appropriately sized Quasi-Distributed (QD) gaps to 
achieve balanced H-fields on either side of the winding helps in achieving low leakage 
inductance and low conduction losses. As stated previously, QD gaps have been shown to 
reduce the winding losses due to fringing fields [2]. In [7], QD gaps were used to design 
an inductor with balanced H-fields on the two sides of the winding. This helped in 
achieving current conduction across the entire skin of the conductor (double sided 
conduction), thus mitigating the proximity effect losses. Because of this, the inductor had 
lower HF AC resistance. The proposed transformer achieves low loss as in [7] and also 
has a low leakage inductance making it suitable for use in a high frequency power 
converter requiring an energy storage transformer or a coupled inductor. 
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ACHIEVING LOW LEAKAGE INDUCTANCE AND LOW LOSS IN AN HF TRANSFORMER WITH 
QUASI-DISTRIBUTED GAPS 
In this work, we examine a transformer structure which is suitable for high 
frequency (HF) applications. The proposed transformer structure utilizes quasi-
distributed (QD) gaps that are sized such that the H-fields in the airgaps in the center-post 
and outer-shell are equal, like in [7]. This results in near zero MMF drop across the core 
window which leads to the transformer achieving low leakage inductance. In addition to 
low leakage, the transformer also provides significant benefits in the form of reduced AC 
resistance. Because of the balanced H-fields on the two sides of the conductors, the 
current flows along most parts of the skin of the conductor [7]. Another benefit of using 
the proposed structure is the ease with which one can parallel the turns of the primary or 
the secondary windings. In a structure with a lumped gap, it becomes difficult to ensure 
equal current sharing between the paralleled turns because the turns close to the gap, and 
hence near the high H-field region, carry most of the current leading to poor utilization of 
the winding. In the proposed structure however, the paralleled turns share the current 
almost uniformly because each turn is in a similar magnetic environment as every other 
turn. These features (better utilization of the conductor and near-equal current sharing 
between the paralleled turns of the winding) lead to lower conduction losses as compared 
to conventional structures without requiring the use of litz wire. Balancing of H-fields in 
the airgaps of the center-post and outer-shell of the transformer structure also leads to 
even distribution of the B-fields in the core. This results in better utilization of the core 
and lower core losses. These excellent properties make this structure suitable for 
applications in converters operating at multi-MHz frequencies. 
We use Finite Element Analysis (FEA) simulations to determine the performance 
of the transformer and to identify the trade-offs between different parameters like the 
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wire diameter, window width, aspect ratio of the transformer etc. While operating at 
multi-megahertz frequencies, the choice of the core material becomes crucial to keep the 
core losses at an acceptable level. Thus, the selection of the core material is also 
discussed. The recommended guidelines for designing the proposed HF transformer yield 
a roughly optimized design. This avoids iterative simulations of multiple transformer 
structures in FEA software resulting in a significant reduction in the design time. 
An example design of a transformer is shown to demonstrate the advantages that 
the proposed transformer structure provides. A transformer was designed for application 
in a coupled-inductor based boost converter and the design and prototype construction 
steps are discussed. 
OVERVIEW OF THE CONTENTS 
Chapter 2 details the proposed low loss, low leakage transformer structure. The 
chapter also provides analysis of the magnetic circuit of the transformer and the various 
advantages of the same. Chapter 3 discusses the tradeoffs and design guidelines to obtain 
an optimized transformer. In Chapter 4, the design guidelines presented in Chapter 3 are 
used to build a 1:10 transformer for a coupled-inductor based boost converter. The 
chapter provides details about prototype construction and a proposed testing plan of the 
same. Chapter 5 summarizes the work and provides concluding remarks. 
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Chapter 2: A Low-Leakage, Low-Loss Transformer Structure for HF 
Applications 
In this chapter we propose a transformer structure suitable for high-frequency 
applications. The transformer uses quasi-distributed (QD) gaps on the inner (center-post) 
and outer cores (outer-shell). The QD gaps are sized such that they achieve equal H-fields 
on both sides of the winding. The reluctance model of the structure reveals that QD gaps 
when sized appropriately can achieve zero MMF drop across the window. This leads to a 
design with low leakage inductance. The balanced H-fields on the two sides of the 
winding also lead to double sided conduction [7] and hence, reduction in ac losses due to 
proximity effects. The structure allows paralleling of turns in a transformer with non-
unity turns ratio while achieving near uniform distribution of current among the 
paralleled turns. These two features enable the use of solid wires instead of litz wires 
while still achieving low conduction losses. The balanced H-fields in the air gaps lead to 
a more uniform distribution of B-fields in the core and hence lower core loss. In this 
chapter we explore the conditions when a transformer with the proposed structure 
achieves low leakage inductance and the parameters that affect leakage the most. Later, 
we discuss the advantages and tradeoffs associated with the proposed transformer 
structure. 
GEOMETRY OVERVIEW 
The axisymmetric view of the proposed geometry of a 3-turn transformer is 
shown in Figure 2. The complete model can be obtained by rotating the axisymmetric 
view along the z-axis. It is similar to a pot core structure with air gaps in the center-post 
and the outer-shell of the structure. Instead of a single air gap however, the proposed 
structure has multiple smaller gaps that form a QD gap. Because of the QD gaps, the core 
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can be a high permeability material while achieving reduced fringing field losses. The 
number of gaps is the same as the number of turns in the transformer. The gap 
reluctances are designed to have equal H-fields in the air gaps on the center-post as well 
as the outer-shell. The center post and outer-shell are made up of thin magnetically 
permeable discs which are stacked on top of each other. The airgap spacing can be 
produced by pieces of shim stock. The primary and secondary windings of the 
transformer are interleaved, and each turn of the primary winding is paired with a 
secondary turn and each such pair is placed in one core section. The winding is placed in 
the center of the window. The spacing between the windings and the center-post is an 
important design decision because it involves a tradeoff between the core and copper 
losses. These and other design tradeoffs are discussed as part of the design guidelines in 
the next chapter. 
 
 
Figure 2 Cross-sectional view of the proposed transformer. Revolving around the z-
axis produces the complete pot core structure. Red and blue circles represent 
the individual turns of the primary and secondary winding respectively. 
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RELUCTANCE MODEL AND ANALYSIS FOR LOW LEAKAGE INDUCTANCE 
It is shown in this section that the proposed geometry results in the MMF drop 
across the window reluctance becoming zero. This would mean no flux flows across the 
window leading to zero leakage inductance. Other parasitic leakage paths, however, 
allow the flux to flow across the window leading to a non-zero, but small, leakage 
inductance. It is instructive to note the dependencies of the leakage inductance on various 
parameters of the structure. We study this next. 
To analyze the performance of the proposed structure, we can model the 
transformer using its magnetic circuit equivalent. The H-field on either side of the 
winding is designed to be equal. The gap length on the center-post and outer-shell is also 
designed to be the same. The MMF drop across the two air gap reluctances will thus be 
the same (𝑀𝑀𝐹 = 𝐻𝑙𝑔). Figure 3 highlights the reluctances in different magnetic paths 
in the proposed structure. Assuming that all the flux flows through the core, the air gap 
reluctances on either side of the winding should be the same (say 𝑅𝑔). The air gaps at the 
end caps may or may not be designed to have the same reluctance as the air gaps in the 
middle portion of the structure. We thus name them 𝑅𝑥. The MMF contribution of the 
primary winding (or the combined MMF contribution due to the current in the primary 
and secondary winding) is represented by an MMF source 𝑉𝑝 (see Figure 4). Some flux 
lines will take a path across the window to complete their loop – starting from an airgap 
on one side of the winding to the one directly on the other side. Let this flux that flows 
across the window experience a reluctance of 𝑅𝑤. The resultant reluctance model is 
shown in Figure 4. 
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Figure 3  Cross-sectional view of the proposed transformer structure showing air gap 
reluctances (𝑅𝑔 and 𝑅𝑥) and window reluctance (𝑅𝑤). 
 
 
Figure 4 Magnetic circuit model of a n-gap transformer structure, like the one shown 
in Figure 3. 𝑅𝑔 and 𝑅𝑥 are airgap reluctances. 𝑅𝑤 models the reluctance of 
the flux path across the window. 
For an n-stage network, the MMF drop across the 𝑖𝑡ℎ 𝑅𝑤 can be given by the sum 
of the MMF contributions by the sources on the right of the  𝑖𝑡ℎ 𝑅𝑤 (𝑉{𝑅𝑤𝑖}𝑟𝑖𝑔ℎ𝑡
) and those 










((𝑖 − 1)(2𝑅𝑔) + 𝑅𝑧)
2𝑅𝑧 + (𝑛 − 2)(2𝑅𝑔)
(𝑛 − 𝑖)𝑉𝑝 (1) 
 𝑉{𝑅𝑤𝑖}𝑟𝑖𝑔ℎ𝑡
=
(((𝑛 − 2) − (𝑖 − 1))(2𝑅𝑔) + 𝑅𝑧)




Here, 𝑅𝑧 is equal to 2𝑅𝑥 + 𝑅𝑔. By setting 𝑉{𝑅𝑤𝑖}𝑟𝑖𝑔ℎ𝑡
= 𝑉
{𝑅𝑤𝑖}𝑙𝑒𝑓𝑡
, we find that the MMF 
drop across 𝑅𝑤𝑖 becomes zero when 𝑅𝑥 = 0.5 × 𝑅𝑔. Thus, if the length of air gap at the 
endcaps is half of the length of air gap in the center post, we get zero flux through the 
window reluctances. Any flux that flows across the window will not link with all the 
turns of the other winding and hence will contribute to leakage. Thus, making flux 
through all 𝑅𝑤𝑠 equal to zero should yield zero leakage inductance for a simple 
reluctance model as in Figure 4. 
In the above discussion, however, we did not model a parasitic leakage path 
which corresponds to the reluctance 𝑅𝑎 shown in Figure 5. As flux through 𝑅𝑤𝑠 is nearly 
eliminated because of the balanced QD gaps, the fluxes flowing through these parasitic 
paths start to dominate and become the major contributors to leakage inductance. Figure 
7 shows the flux through the two 𝑅𝑤𝑠 and three 𝑅𝑎𝑠, found analytically, in the magnetic 
circuit equivalent of the structure (Figure 6). At 𝑅𝑥 = 0.5 × 𝑅𝑔, the fluxes through 𝑅𝑤𝑠 
become equal and are very small in magnitude (but not zero because of the presence of 
𝑅𝑎𝑠 in the magnetic circuit). The fluxes through 𝑅𝑎𝑠 are the dominant contributors to the 
flux through the reluctance paths in the window. In Figure 7, while analyzing the circuit, 
the total reluctance in the core (due to 𝑅𝑔 and 𝑅𝑥) is kept constant and the reluctances in 
the window paths (𝑅𝑎𝑠 and 𝑅𝑤𝑠) are assumed to be fifty times 𝑅𝑔 when 𝑅𝑔 is one (in 




Figure 5 Cross-sectional view of the proposed transformer showing the various 




Figure 6  Magnetic circuit model of the structure shown in Figure 5. 
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Figure 7 Flux flowing through the various paths in the window i.e., through 𝑅𝑤𝑠 and 
𝑅𝑎𝑠 when primary was excited and secondary was open. Window path 
reluctances were kept constant (𝑅𝑤𝑠 = 𝑅𝑎𝑠 = 50). Total reluctance in the 
core (4𝑅𝑔 + 4𝑅𝑥) was also kept constant. 
LEAKAGE INDUCTANCE 
The magnetic circuit of Figure 6 can be used to find an expression for the leakage 
inductance in terms of the flux flowing through the reluctances in the window paths. 
Analysis of reluctance model of the magnetic circuit as presented below is similar in 
concept to the “Physical Modelling” of the magnetic structure [19]. Because we are 
modeling each turn of a winding separately, it allows us to model even the flux that is 
linking with only some turns of the same winding. For simplicity, we are ignoring any 
fringing paths. Here, 𝑉𝑠 is the MMF corresponding to the current in the secondary turns 
and 𝑉𝑝 is the MMF due to the primary turns. 𝜙1 through 𝜙6 are fluxes in the six circuit 
loops. 𝜙𝑟𝑎1 through 𝜙𝑟𝑎3  are the fluxes flowing in the reluctances denoted as 𝑅𝑎 in 
Figure 6. Similarly, 𝜙𝑟𝑤1 and 𝜙𝑟𝑤2 are fluxes through the two 𝑅𝑤s. To find the self and 
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mutual inductances of the primary and secondary windings, first, the primary winding is 
excited with a current of 1A with secondary open. The flux flowing through the 𝑉𝑝 MMF 
sources correspond to the total flux that is linking with the primary winding (𝜆11) and 
flux flowing through 𝑉𝑠 MMF sources corresponds to the total flux linking with the 








= 𝜙2 + 𝜙4 + 𝜙6 (4) 
𝜙1 through 𝜙6 can be written in terms of 𝜙𝑟𝑎𝑖 and 𝜙𝑟𝑤𝑖 as below 
 𝜙6 = 𝑚𝜙𝑟𝑎3 (5) 
 𝜙5 = (1 + 𝑚)𝜙𝑟𝑎3 (6) 
 𝜙4 = (1 + 𝑚)𝜙𝑟𝑎3 + 𝜙𝑟𝑤2 (7) 
 𝜙3 = (1 + 𝑚)𝜙𝑟𝑎3 + 𝜙𝑟𝑎2 + 𝜙𝑟𝑤2 (8) 
 𝜙2 = (1 + 𝑚)𝜙𝑟𝑎3 + 𝜙𝑟𝑎2 + 𝜙𝑟𝑤2 + 𝜙𝑟𝑤1 (9) 
 𝜙1 = (1 + 𝑚)𝜙𝑟𝑎3 + 𝜙𝑟𝑎2 + 𝜙𝑟𝑎1 + 𝜙𝑟𝑤2 + 𝜙𝑟𝑤1 (10) 
 




The leakage inductance on the primary is thus given by, 
 𝐿𝑙𝑘𝑔𝑝 = 𝐿11 − 𝐿12 = ∑𝜙𝑟𝑎𝑖 (11) 
A similar procedure can be followed to find 𝐿22, 𝐿21 𝑎𝑛𝑑 𝐿𝑙𝑘𝑔𝑠. 
 𝐿𝑙𝑘𝑔𝑠
= 𝐿22 − 𝐿21 = −∑𝜙𝑟𝑎𝑖 (12) 
Note that the values of 𝜙𝑟𝑎𝑖 would be different in the two states, when the 
primary is excited and when the secondary is excited if the structure is not symmetrical – 
for example, when the reluctances on the bottom and top disks (𝑅𝑥 and 𝑅𝑦 ) are not equal. 
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In the presence of the flux paths corresponding to 𝑅𝑎, leakage inductance in the 
proposed structure is determined by the flux flowing through the path between the coils 
of the same pair and not by the flux flowing through 𝑅𝑤𝑠. We, thus, need to minimize the 
flux flowing through these paths to reduce the leakage inductance. This can be achieved 
by making the reluctance Ra as large as possible. 
A MATLAB script was written to perform circuit analysis of the magnetic circuit 
of Figure 6. Figure 8 shows the variation in the leakage inductance as calculated using the 
above method when 𝑅𝑥 and 𝑅𝑦 are changed. The reluctances of flux paths through the 
window, i.e., 𝑅𝑎𝑠 and 𝑅𝑤𝑠 were kept constant. While plotting the graphs, the total 
reluctance in the outer loop, the one corresponding to the flux path through the core, was 
kept constant. That is, the sum, 2𝑅𝑥 + 2𝑅𝑦 + 4𝑅𝑔 was kept constant. This is because 
while designing for a target magnetizing inductance and a known number of turns 
(usually chosen considering the tradeoffs between core and copper losses), the reluctance 
introduced in the core is the control variable available to the designer. 
It can be seen from the 3D-plot of Figure 8 that a symmetric structure i.e., 𝑅𝑥 =
𝑅𝑦 is desirable. Figure 8 also shows that 𝐿𝑙𝑘𝑔 decreases as 2(𝑅𝑥 + 𝑅𝑦)/𝑅𝑔 increases. 
This means that if we are designing a transformer considering only the leakage 
inductance as the design parameter then a symmetric structure with lumped gaps at the 
endcaps will achieve a lower leakage inductance than the proposed structure. However, 
rarely are the transformers designed considering only the leakage inductance. Even 
though a QD-gapped structure with 𝑅𝑥 = 𝑅𝑦 = 0.5𝑅𝑔 does not correspond to the 
minimum leakage inductance, the proposed structure has relatively low leakage. In 
addition to this, it has some important advantages compared to a structure with 
symmetrical lumped gaps at the endcaps (𝑅𝑔 = 0 and 𝑅𝑥 = 𝑅𝑦). These include low 
effective resistance because of double sided conduction and the ability to parallel turns of 
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the transformer while achieving equal current sharing. These have been discussed in the 
next section. Figure 9 shows the dependence of 𝐿𝑙𝑘𝑔 on the window reluctance. It can be 
seen that because of close to zero MMF drop across 𝑅𝑤, leakage inductance has little 
sensitivity towards the value of 𝑅𝑤 especially when it is greater than a few tens of 𝑅𝑔. 
This is typically the case in most designs. 
 
 
Figure 8 Leakage inductance calculated according to the method shown in this 
section as a function of 𝑅𝑥/(𝑅𝑥 + 𝑅𝑦) (a proxy for how symmetric the gaps 
at endcaps are) and 2(𝑅𝑥 + 𝑅𝑦)/𝑅𝑔 (a proxy for how distributed the QD 
gaps are). The reluctances are normalized to 𝑅𝑔. 
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Figure 9 Leakage inductance calculated according to the method shown in this 
section as a function of 𝑅𝑥/(𝑅𝑥 + 𝑅𝑦) and 𝑅𝑤. The reluctances are 
normalized to 𝑅𝑔. 
ADVANTAGES OF THE PROPOSED STRUCTURE  
Current distribution in the conductors – Double sided conduction 
Because the MMF drop across 𝑅𝑤𝑖 is very close to zero, the H-field in the region 
corresponding to 𝑅𝑤 is close to zero for all turns of the winding. The H-field on the two 
sides of the winding, i.e., in the air gaps in the outer-shell and the center-post, is designed 
to be equal. Because of the balanced H-fields on the two sides of the winding, the current 
does not crowd towards a particular region in the conductor but spreads out relatively 
evenly along the skin of the conductor. This is similar to double-sided conduction 
achieved in [7]. It is important to note that double sided conduction is achieved even 
when the currents in the two windings are out of phase i.e., when only one winding 
carries current at a time. Unlike a conventional interleaved transformer, which will 
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experience large losses due to the induced eddy currents in the conductors, the proposed 
structure achieves low loss even when the primary and secondary windings are in 
quadrature with each other.  
 Figure 10 shows current distribution in the conductors of a transformer with the 
proposed structure. The almost uniform current distribution leads to lower HF AC 
conduction losses. The current maintains ‘double sided conduction’ in all the turns on the 
transformer. This is because each pair of the primary and secondary turns is in a 
magnetically similar environment in a QD-gapped structure. This is in contrast to a 
lumped gap structure in which the turns closest to the gap are in a region with large H-
fields and the other conductors are in regions with very little H-field. Because the current 
crowds near the surface closest to larger H-fields, in a lumped gap structure, the turns 
closest to the gap will experience larger current crowding and higher resistance. The QD-
gapped structure achieves double sided conduction in each turn of the winding, because 
of which the proposed structure will have lower AC resistance and will potentially be the 
preferred choice in most applications. Impedance matrices of two transformers, one with 
the proposed structure and other with a lumped gap are shown in Table 1. The proposed 
structure achieves significantly lower resistance matrix values. When carrying 5A current 
in the primary with the secondary open, the solid loss in the proposed structure was 




Figure 10 Current distribution seen in FEA simulation of a structure with balanced QD 
gaps on the center post and outer shell of the pot core structure. Transformer 
achieves almost uniform current distribution along the skin of the conductor 
 
 
Figure 11  FEA simulations of 10-10 transformers – one with the proposed structure 
(left) and other with a lumped gap. Impedance matrices of the two structures 
obtained from ANSYS Maxwell simulations are shown in Table 1 
 23 
Table 1  Impedance matrix comparison of the structures shown in Figure 11. Apart 
from the air gaps, the two transformers were otherwise similar. 
Proposed structure  
𝑅11, 𝐿11 0.115(Ω), 10.21(𝜇𝐻) 𝑅12, 𝐿12 −0.003(Ω), 10.13(𝜇𝐻) 
𝑅21, 𝐿21 −0.003(Ω), 10.13(𝜇𝐻) 𝑅22, 𝐿22 0.115(Ω), 10.21(𝜇𝐻) 
Structure with a single lumped gap 
𝑅11, 𝐿11 3.53(Ω), 10(𝜇𝐻) 𝑅12, 𝐿12 3.71(Ω), 10.17(𝜇𝐻) 
𝑅21, 𝐿21 3.71(Ω), 10.17(𝜇𝐻) 𝑅22, 𝐿22 4.16(Ω), 10.55(𝜇𝐻) 
“1 to N” transformers – Uniform current distribution in paralleled turns 
To achieve a lower leakage inductance in a non-unity turns ratio transformer, one 
can add parallel turns to the winding with fewer turns to make the number of coils in that 
winding equal to that of the other winding. The primary and secondary windings can then 
be interleaved to achieve better coupling between the two windings [18]. In the presence 
of a lumped gap however, the current distribution in the paralleled turns is far from even. 
The paralleled turn closest to the high H-field region carries the most current. This results 
in poor utilization of the conductors and leads to higher conduction losses. 
In the QD gapped transformer, the turns can be paralleled while still achieving 
almost uniform distribution of current in the paralleled turns. This is a consequence of all 
the conductor pairs being in a magnetically similar environment as described in the 
previous section. Table 2 and Table 3 show the comparison between the current 
distribution in the paralleled turns of 1-10 transformers, one with a QD gap and the other 
with a single lumped gap. It can be seen that the proposed design has much better current 
sharing than the conventional design. Better current sharing between the paralleled turns 
will result in lower conduction losses and hence better performance. 
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Figure 12 FEA simulations of 1-10 transformer showing the current distribution. Left 
– proposed structure. Right – structure with interleaved primary and 
secondary windings and a lumped gap. Both are designed for the same 𝐿𝑚𝑎𝑔 
and are carrying the same amount of current. 
Table 2  Current distribution seen in FEA simulation in the primary winding of a 1-
10 transformer with the proposed structure. 












Table 3  Current distribution seen in FEA simulation in the primary winding of a 1-
10 transformer with interleaved primary and secondary windings and 
lumped gaps. 











Sensitivity of 𝑳𝒍𝒌𝒈 to the window path reluctances 
As discussed previously, in the proposed structure, the MMF drop across the 
window reluctances is approximately zero. Thus, changing the window reluctance, 𝑅𝑤, 
does not significantly affect the flux flowing across the window and hence, the sensitivity 
of the leakage inductance to the window reluctance is very low. In the structure with 
lumped gaps at the endcaps, however, the MMF drop across the 𝑅𝑤𝑠 is not close to zero. 
This leads to the lumped gap structure being more sensitive to the value of 𝑅𝑤. For 
smaller values of 𝑅𝑤, the structure with lumped gaps at the endcaps loses its advantage of 
having lower leakage inductance. Both the structures, however, are quite sensitive to the 
reluctance of the flux path between the conductors of the same pair, i.e., 𝑅𝑎. Reducing 
𝑅𝑎𝑠 would lead to larger flux flowing through that path leading to larger leakage 
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Figure 13  Transformer structures (𝐿𝑚𝑎𝑔 = 10𝜇𝐻) with “balanced QD gaps” and 
“lumped gaps at endcaps” that were simulated in ANSYS Maxwell. 
 
Figure 14 Variation in the leakage inductance with changes in the spacing between 
pairs (𝑅𝑤) as seen in the FEA simulations. 
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Figure 15 Variation in the leakage inductance with changes in the spacing between 
primary and secondary conductors of the same pair (𝑅𝑎) as seen in the FEA 
simulations. 
SENSITIVITY OF LEAKAGE INDUCTANCE TO VERTICAL MISALIGNMENT OF TURNS 
Because of the helical nature of the winding, the primary and secondary turns will 
remain in the exact center of the core-section only at one instance in an entire turn. To 
quantify the effect of this misalignment on the leakage inductance, a 1-10 turns 
transformer with a magnetizing inductance of 105nH (the design of which is discussed in 
Chapter 4) was simulated with windings misaligned from the center of the core section 
(displaced vertically). As can be seen from Figure 16, the leakage inductance is not 
sensitive to this misalignment. To accommodate the helical nature of the winding, an 
extra layer of core pieces needs to be added in the center-post and outer-shell. 
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Figure 16 Total leakage inductance (both primary and secondary leakage inductances 
referred to the 1-turn side) as seen in FEA simulations vs. vertical 
misalignment of the winding. Leakage inductance is not very sensitive to 
misalignments. 
RELUCTANCE MODEL IN THE PRESENCE OF FRINGING 
As shown previously, the reluctance model can be used to predict the leakage and 
magnetizing inductances. The reluctance model can be analyzed in a Spice simulator to 
quickly verify and understand the dependence and sensitivity of the leakage and 
magnetizing inductances on different reluctances and hence the geometry of the structure. 
This can help reduce the design time because the much slower FEA simulations can be 
performed once the design parameters are roughly optimized in the faster Spice 
simulators. Thus, finding the reluctances of the structure to a satisfactory degree of 
accuracy can be useful for designers. 
Finding the reluctance of a relatively large air gap is non-trivial because of 
fringing of the magnetic flux near the air gap. Fringing increases the effective cross-
sectional area seen by the flux and leads to a reduced reluctance. The reluctance of the air 
gaps can be found using the method suggested in [8]. The 2-D reluctances proposed in [8] 















Vertical misalignment as a percentage of core section height
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choosing the equivalent z-extrusion for a pot core structure. For example, the “post-to-
post” reluctance (𝑅𝑝𝑜𝑠𝑡,𝑝𝑜𝑠𝑡3(𝑏)) given in [8] can be extruded by an effective out of plane 
length of 𝑝𝑐/2 (where 𝑝𝑐 is the perimeter of the center-post) to get the net reluctance of 
the airgap in the center-post (described as 𝑅𝑔𝑐𝑚
 later). 
The following formulae for the gap reluctances in the center-post (𝑅𝑔𝑐𝑚
, 𝑅𝑔𝑐𝑒𝑐
) 
and outer-shell  (𝑅𝑔𝑜𝑚
, 𝑅𝑔𝑜𝑒𝑐
) are seen to produce inductance matrices in LTSpice that 
are sufficiently similar to those obtained from FEA simulations (see Figure 19 to Figure 
21). Here, the subscript 𝑒𝑐 refers to the airgap at the endcaps and subscript 𝑚 refers to all 























































































































Here, 𝑙𝑔 and 𝑙𝑔𝑥 are the air gap lengths in the middle portion of the center-post 
and at the endcaps respectively. 𝑟𝑐 is the radius of the center post, ℎ𝑐 is the height of each 
core section, 𝑝𝑐 is the perimeter of the center-post,  𝑡𝑠 is the thickness of the outer shell, 
𝑝𝑜𝑖𝑛 and 𝑝𝑜𝑜𝑢𝑡 are the inner and outer perimeters of the outer-shell. Similar reluctance 
models have been used in the literature before for different transformer structures to 
successfully find reluctance in the presence of fringing [8], [9]. 
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Equations for airgap reluctances presented till now include fringing between two 
adjacent sections of the core which reduces the reluctance of the airgap. The overall 
fringing path outside the structure is shown in Figure 17. Incorporating a separate 
fringing reluctance, 𝑅𝑓, to model the net fringing path of the flux outside the structure [7] 
increased the agreement between the values obtained from Spice and FEA simulations. 








Figure 17 Fringing field of a structure with quasi-distributed gaps. The fringing field is 
similar to that of an air core solenoid. Image taken from [7]. 
The window reluctances are harder to model when circular conductors are used. 
To validate the reluctance model, we consider a design with rectangular conductors. 
These can either be PCB tracks in a planar transformer or square conductors. The 
window reluctances can be calculated by the below formulae. 𝑝𝑠 and 𝑐𝑠 are the edge-to-








ln((𝑟𝑡 − 𝑡𝑠) /𝑟𝑐) (23) 
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Using the above reluctance modeling, simulations were performed in ANSYS 
Maxwell for a 1-1 transformer with 10 series connected turns. The values of the 
inductance matrices obtained from the FEA simulations and the reluctance model are 
shown in Figure 19 – Figure 21. The spacing between adjacent conductors was kept the 
same in all structures (i.e., 𝑅𝑎𝑠 and 𝑅𝑤𝑠 were kept constant). The leakage inductances 
calculated from the reluctance model agree with those obtained from FEA simulations 
and both follow a similar trend. The structure with two lumped gaps at the end caps 
achieves a lower leakage inductance than the structure with balanced QD gaps (𝑅𝑥 =
𝑅𝑦 = 𝑅𝑔/2). This is as per the trend seen in Figure 8. Despite the lower leakage 
inductance, the structure in Figure 20 will not be preferred for most applications because 
of the higher resistance due to current crowding on the turns closest to the endcaps as 
seen in Figure 22. The structure in Figure 19 has low leakage as well as low resistance 
because of conduction along most parts of the skin of the conductor and little current 
crowding as explained previously in this chapter. 
 
 
Figure 18 Magnetic circuit model of the structure shown in Figure 5 considering the 
local (bulging of magnetic fields in the gaps) and overall (as shown in 




Figure 19 Transformer with proposed QD-gapped structure (𝑙𝑔 = 0.11𝑚𝑚 and 𝑙𝑥 =
0.055𝑚𝑚). Expected inductance matrix values according to reluctance 
model and ANSYS Maxwell are shown in the below table. 
Table 4 Inductance matrix values for structure in Figure 19 found using ANSYS 
Maxwell and reluctance model. 
Inductance Matrix obtained using: 𝐿11 𝐿12 = 𝐿21 𝐿22  𝐿𝑙𝑘𝑔 
ANSYS Maxwell 10.052𝜇𝐻 10.014𝜇𝐻 10.052𝜇𝐻 76𝑛𝐻 
Reluctance model without fringing 6.6791𝜇𝐻 6.699𝜇𝐻 6.6791𝜇𝐻 58.44𝑛𝐻 
Proposed reluctance model 9.9062𝜇𝐻 9.8767𝜇𝐻 9.9062𝜇𝐻 59𝑛𝐻 
 
 
Figure 20 Transformer with lumped gaps at end caps (𝑙𝑔 = 0.015𝑚𝑚 and 𝑙𝑥 =
0.625𝑚𝑚). Expected inductance matrix values according to reluctance 
model and ANSYS Maxwell are shown in the below table. 
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Table 5  Inductance matrix values for structure in Figure 20 found using ANSYS 
Maxwell and reluctance model. 
Inductance Matrix obtained using: 𝐿11 𝐿12 = 𝐿21 𝐿22  𝐿𝑙𝑘𝑔 
ANSYS Maxwell 10.175𝜇𝐻 10.14𝜇𝐻 10.175𝜇𝐻 70𝑛𝐻 
Reluctance model without fringing 6.1416𝜇𝐻 6.1155𝜇𝐻 6.1416𝜇𝐻 52.086𝑛𝐻 
Proposed reluctance model 11.071𝜇𝐻 11.043𝜇𝐻 11.071𝜇𝐻 55.3𝑛𝐻 
 
 
Figure 21 Transformer with unbalanced QD gaps (𝑙𝑔 = 0.125𝑚𝑚 and 𝑙𝑥 = 0𝑚𝑚). 
Expected inductance matrix values according to reluctance model and 
ANSYS Maxwell are shown in the below table. 
Table 6 Inductance matrix values for structure in Figure 21 found using ANSYS 
Maxwell and reluctance model. 
Inductance Matrix obtained using: 𝐿11 𝐿12 = 𝐿21 𝐿22  𝐿𝑙𝑘𝑔 
ANSYS Maxwell 10.154𝜇𝐻 10.115𝜇𝐻 10.154𝜇𝐻 78𝑛𝐻 
Reluctance model without fringing 6.5253𝜇𝐻 6.4523𝜇𝐻 6.5253𝜇𝐻 145.91𝑛𝐻 





Figure 22 Current distribution in the turns of transformers of Figure 19 and Figure 20. 
In this chapter we analyzed a transformer structure with QD gaps and found that 
with 𝑅𝑥 = 0.5𝑅𝑔 and balanced H-fields on the two sides of the winding, the structure 
achieves low high frequency conduction losses because of current conduction along most 
of the skin of the conductor. The QD gap allows paralleling of turns of a winding while 
achieving near equal current sharing among the paralleled turns. With the balanced QD 
gaps, we can achieve near zero MMF across the window which leads to a design with 
low leakage inductance. These properties make the proposed structure suitable for 
applications in power converters operating at multi-MHz frequencies with high currents 
and requiring high conversion ratios. 
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Chapter 3: Design Guidelines for Optimized Design 
The design guidelines provided in this chapter aim to reduce the power loss of the 
proposed transformer by choosing the optimum design parameters. To find the trade-offs, 
an HF transformer with QD gaps was designed in ANSYS Maxwell for a given 
magnetizing inductance and volume. The effect of various design choices on the winding 
resistance, leakage inductance and the core and copper losses of the transformer was 
observed and optimum values of the design parameters in terms of mathematically 
defined quantities have been proposed. Because of the shallow optimums observed in the 
simulations, minor variations from the optimized parameters, because of manufacturing 
tolerances for example, should not affect the performance of the structure noticeably. 
SIMULATION SETUP 
To test the various trade-offs in the choice of different parameters like the 
window width, wire diameter, end cap thickness and the aspect ratio, simulations were 
performed in ANSYS Maxwell. The goal of the simulations was to find the optimum 
design of a transformer with balanced quasi-distributed gaps for use in a coupled-inductor 
boost converter. The details of the power converter are presented in the next section. The 
simulated transformers had a magnetizing inductance of 105nH and a turns ratio of 1-10. 
Ten turns of the primary winding were paralleled and interleaved with the secondary 
turns. The volume of the transformer was constrained to 𝑟𝑡 = 0.5 [𝑖𝑛], ℎ𝑡 = 1 [𝑖𝑛]. 
Because of the ability to achieve double sided conduction, solid wires can be used while 
keeping the copper losses reasonably low. Eliminating the requirement of litz wire to 
keep the copper losses low is one of the advantages of the proposed design. Material-80 
from Fair-Rite Products Corp. was used as the core material for all the simulations. 
Appendix A describes the procedure used for finding the core and copper losses in 
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ANSYS Maxwell. A transient simulation with the primary and secondary currents, as 
shown in Figure 23, was setup to calculate the average copper and core losses. The 2-D 




Figure 23 Current excitations in primary and secondary windings of the simulated 
transformer 
 
Figure 24 Radial cross-section of the proposed transformer structure. Design 
parameters defining the geometry are marked. 
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BALANCE THE H-FIELDS ON EITHER SIDE OF THE WINDING 
If the H-field on one side of the winding is more than the other side, the current in 
the conductor crowds near the edge closest to the high H-field region. This current 
crowding leads to larger conduction losses. By balancing the H-field on the two sides of 
the conductor, one can achieve double sided conduction [7]. This leads to lower copper 
losses at high frequencies as compared to a conventional transformer with lumped gap as 
discussed in Chapter 2. To achieve equal H-fields on the two sides of the winding, a 
method similar to [7] was used. Balancing the MMF drops across the gaps on the center-
post and the outer-shell will lead to equal H-fields because the effective lengths are same 
(𝑀𝑀𝐹 = 𝐻𝑙𝑔). This is achieved by making the total reluctance on the center-post equal 
to the total reluctance in the outer-shell. Figure 21 shows the lumped reluctance model of 
the structure. Here, 𝑅𝑐𝑝𝑜𝑠𝑡 is the reluctance of the core in the center-post. 𝑅𝑔𝑝𝑜𝑠𝑡 is the 
reluctance of the air gap in the center-post. Similarly, 𝑅𝑐𝑠ℎ𝑒𝑙𝑙 and 𝑅𝑔𝑠ℎ𝑒𝑙𝑙 are the 
reluctances of the core and the air gap of the outer-shell. By sizing the center-post and the 
outer-shell to balance the reluctances, as per the below equation, we can achieve equal H-
fields on the two sides of the wire. The dimensions can be further tweaked in the FEA 
software to achieve better balanced H-fields. 
 𝑅𝑐𝑝𝑜𝑠𝑡 + 𝑅𝑔𝑝𝑜𝑠𝑡 = (𝑅𝑐𝑠ℎ𝑒𝑙𝑙 + 𝑅𝑔𝑠ℎ𝑒𝑙𝑙) ||𝑅𝑓 (24) 
𝑅𝑓 is the overall fringing reluctance given by Equation 21. It is found by 
modeling the fringing fields of the proposed structure as the fringing fields from an air 
core solenoid. It is shown in [7] that 𝑅𝑓 accurately models the fringing path reluctance of 
a structure with QD gaps. 
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Figure 25 Magnetic circuit model of a QD gapped structure with lumped reluctances 
of the air gaps and core pieces. [7] 
UNIFORM DISTRIBUTION OF B-FIELDS IN THE CORE 
To reduce core loss, the B-field should be distributed uniformly in all the regions 
of the core. Because the core losses scale as 𝐵𝛽 (with 𝛽 usually between 2 and 3), core 
sections with larger B-fields will experience substantially higher core loss and deteriorate 
the performance of the transformer. 
With the proposed design, it is possible to achieve uniform distribution of the B-
field in the core by choosing core materials with the same permeability for the center-post 
and outer-shell. Since 𝐵 = 𝜇𝐻, balancing the H-fields in the center-post and outer-shell 
lead to the same B-fields in the two regions if 𝜇 is the same for both. Thus, the proposed 
sizing of the center-post and outer-shell for this structure will yield lower core loss if the 
center-post and outer-shell are made from the same material or materials with similar 
permeability. 
CHOICE OF WIRE DIAMETER – VERTICAL FILL 
For a given window height, the choice of the wire diameter determines the 
spacing between the adjacent conductors. Even in a skin depth limited case, a larger wire 
diameter will provide larger conduction area leading to lower copper losses. However, as 
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the wire diameter increases, losses due to proximity effect between the turns of the 
transformer increase. We can define a metric, Vertical Fill (𝐹𝑣), to quantify the wire size 





Here, N is the number of turns of the primary or secondary winding – whichever 
is greatest, ℎ𝑤 is the height of the window and 𝐷𝑤 is the diameter of the wire. 
As the wire diameter is increased, either the edge to edge spacing between two 
coils of the same pair (𝑐𝑠) can be reduced or the edge to edge spacing between two pairs 
(𝑝𝑠) can be reduced. It can be seen from Figure 26 and Figure 27 that increasing the wire 
diameter while reducing the distance between the conductors helps in reducing the 
conduction losses initially. Beyond ~90% vertical fill, the proximity losses start to 
dominate. While performing these simulations, the width of the window was kept three 
times the diameter of the biggest wire that would fit (wire corresponding to 𝐹𝑣 = 100%) 
so that the effects due to fringing field with changing wire diameter are negligible [7]. A 
vertical fill between 85 and 95% gives low conduction losses in this transformer. 
In a transformer with paralleled turns, like the one being simulated in this chapter, 
the QD gaps lead to an almost but not exactly equal current division between the turns. 
Even though small, the difference between the current division leads to some H-field in 
the region between the pairs (in the region right next to the airgaps). It is because of the 
proximity losses due to this H-field that conduction losses increase for higher 𝐹𝑣 in Figure 
26.  Figure 28 and Figure 29 show the results of similar simulations performed for a 10-
10 transformer (with the same geometrical structure) with peak primary current of 6A 
instead of 60A. The shapes and frequency of the current waveforms were otherwise 
similar to that shown in Figure 23. It can be seen that in this case the conduction losses 
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do not increase at higher 𝐹𝑣 when 𝑝𝑠 is being decreased. This is because of the near zero 
H-field in that region. As expected, decreasing 𝑐𝑠 leads to increased losses. Thus, for a 
unity turns ratio transformer, it is recommended to have very low spacing between 
conductors of adjacent pairs while spacing apart the conductors of the same pair to 
achieve a 𝐹𝑣 of 75-90%. 
For a given window width, the spacing between the conductors decides the 
reluctance of the flux paths across the window. The smaller is the spacing, larger are the 
window path reluctances (𝑅𝑎 and 𝑅𝑤). As seen from Figure 14, to keep the leakage 
inductance small, 𝑅𝑎 should be made as large as possible. Increasing the conductor 
diameter beyond the minimum in Figure 27 helps in reducing the leakage inductance at 
the cost of increased conduction losses. For a leakage constrained design, 𝐹𝑣 greater than 
90% should be used. 
 
 
Figure 26 Conduction losses plotted against vertical fill when the spacing between 
conductor pairs (𝑝𝑠) is reduced while keeping spacing between conductors 
of same pair (𝑐𝑠) constant. The simulated transformer had a turns ratio of 1-
10 and an approximately 1:1 aspect ratio (𝑟𝑡 = 12.7𝑚𝑚, ℎ𝑡 = 26.6𝑚𝑚) 
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Figure 27 Conduction losses plotted against vertical fill when the spacing between 
conductors of the same pair (𝑐𝑠) is reduced while keeping spacing between 
two pairs (𝑝𝑠) constant. The simulated transformer had a turns ratio of 1-10 
and an approximately 1:1 aspect ratio (𝑟𝑡 = 12.7𝑚𝑚, ℎ𝑡 = 26.6𝑚𝑚) 
 
Figure 28 Conduction losses plotted against vertical fill when the spacing between 
conductor pairs (𝑝𝑠) is reduced while keeping spacing between conductors 
of same pair (𝑐𝑠) constant. The simulated transformer had a turns ratio of 
10-10 and an approximately 1:1 aspect ratio (𝑟𝑡 = 12.7𝑚𝑚, ℎ𝑡 = 26.6𝑚𝑚) 
 42 
 
Figure 29 Conduction losses plotted against vertical fill when the spacing between 
conductors of the same pair (𝑐𝑠) is reduced while keeping spacing between 
two pairs (𝑝𝑠) constant. The simulated transformer had a turns ratio of 10-10 
and an approximately 1:1 aspect ratio (𝑟𝑡 = 12.7𝑚𝑚, ℎ𝑡 = 26.6𝑚𝑚) 
CHOICE OF WINDOW WIDTH – HORIZONTAL FILL 
Once the wire diameter has been chosen to keep the conduction losses and 
leakage inductance low, the window width should be chosen such that the total losses in 
the transformer are minimized. To reduce the conduction losses due to fringing fields, the 
windings should be placed far away from the gaps. This would require having a wide 
window. For a known volume, a desired 𝐿𝑚𝑎𝑔 and given current excitation, wider 
window would mean narrower center-post and thus, larger B-fields. Hence, wider 
windows would lead to increased core losses. Flux crowding near the window corners 
will also contribute to core losses. Wider window means the volume of these high B-field 
regions would increase leading to worse core loss. Thus, the choice of the window width 
involves a tradeoff between core and conduction losses for a given volume. We can 






Figure 30 shows the core and copper losses for different Horizontal Fills. Figure 
31 shows total loss for different transformer structures with the same magnetizing 
inductance but different 𝐹ℎ and 𝐹𝑣 values. Because of larger conduction losses for 𝐹𝑣 =
96%, as explained in the previous sub-section, the performance of that structure is 
inferior to the one with 𝐹𝑣 = 80%. It can be seen that the optima are shallow and 
maintaining a horizontal fill between 40-60% keeps the total losses low. As detailed in 
[2], the gap pitch (p) and the spacing between the conductors and the gaps (s) should 
satisfy the condition 𝑝 < 4 × 𝑠 for keeping the losses due to fringing fields low. 
Appendix B shows that many combinations of 𝐹𝑣 and 𝐹ℎ in the recommended ranges 
agree with the recommendations of [2]. Larger values of 𝐹ℎ lead to a larger leakage 
inductance because of reduced window reluctances (𝑅𝑎𝑠 and 𝑅𝑤𝑠). Thus, designing at the 
lower end of the 𝐹ℎ range is better for a leakage constrained design. 
 
Figure 30 Power losses observed in FEA simulations for different 𝐹ℎ. Leakage 
inductances on the primary and that on the secondary referred to primary 
were used to find leakage as percentage of magnetizing inductance. The 
transformer had a square aspect ratio (height ≈ diameter). 𝐹𝑣 = 85%. 
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Figure 31 Total power loss observed in FEA simulations for different 𝐹ℎ and 𝐹𝑣. The 
transformer had a 3:2 aspect ratio (height ≈1.5× diameter). 
APPROXIMATELY BALANCE THE CORE AND COPPER LOSSES – ASPECT RATIO 
For a given volume, the transformer can either have a square aspect ratio (height 
≈ diameter) or it can be tall and skinny or short and wide. In magnetics constrained by 
AC losses instead of saturation of the core or low frequency losses, the total loss is 
usually minimized when core and copper losses are approximately balanced [7]. 
Balanced core and copper losses can also be thought of as better utilization of the core 
material and the copper in the structure. To achieve this, usually, the number of turns and 
air gap length are changed. However, in a high turns-ratio transformer, achieving a 
balance between the core and conduction losses using this strategy is not easy because 
even a small increase in the number of turns requires a substantial decrease in the wire 
diameter to make it fit in the same volume. 
Instead of changing the number of turns, one can change the aspect ratio of the 
transformer. While sacrificing on core loss, a taller structure would allow the use of wires 
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with larger diameters for the same 𝐹𝑣 resulting in lower copper losses. Choice of 3:2 
aspect ratio (height ≈ 1.5 ×diameter) for the transformer under consideration leads to a 
more balanced core and copper loss distribution (see Figure 32). 
 
Figure 32 Losses observed in FEA simulations of the transformer for different 𝐹ℎ. The 
transformer had a 3:2 aspect ratio (height ≈1.5× diameter). 𝐹𝑣 =85%. 
 
Figure 33 Total power loss observed in FEA simulations for different Aspect Ratios. 
All structures had a vertical fill of ≈ 85%. 
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END CAPS 
The end caps have high B-field regions where the flux crowds near the edges of 
the window. Making the end caps taller would allow the B-fields to spread out more, 
leading to lower core losses. This, however, leads to increased volume and has 
diminishing returns (Figure 35). It is recommended to tune the height of the endcaps after 
the choice of the center-post radius, outer-shell thickness and wire diameter has been 
made. FEA simulations can be run to achieve as uniform distribution of B-fields as 
possible while considering its tradeoff with volume. 
 
 




Figure 35 Thicker endcaps lead to lower power losses. This, however, is at a cost of 
increased volume. 
CORE MATERIAL 
The choice of core material is an important design decision especially for multi-
MHz operation. Performance factor (ℱ) is commonly used to compare the performance 
of materials over a range of frequencies. 
 ℱ = ?̂?. 𝑓 (27) 
Here, ?̂? is the peak of the AC flux density that results in a particular power loss 
density and 𝑓 is the frequency of operation. While comparing two materials, the material 
with a higher ℱ, for a particular frequency, can achieve the same power loss density as 
the one with a lower ℱ, in a smaller core [10]. This is because higher ?̂? can be achieved 
in the core made up of a material with higher ℱ. Likewise, for a given core structure, a 
material with higher performance factor will have lower losses for a given operating 
frequency. Thus, comparing performance factors of different core materials for the 
operating frequency is a quick way of identifying the best suited core material for the 
application. 
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In [10], authors have plotted the Performance Factors for different core materials 
in the MHz frequency range. It can be seen that, amongst the materials tested, Material-
67 from Fair-Rite Products Corp. had the highest performance factor for the frequencies 
of interest, 1-5MHz. [11] shows the comparison of Material-67’s Performance Factor 
with the recently launched Material-80. Material-80 has better performance than 
Material-67 in the frequency range of 1-4MHz. Because today a lot of the high frequency 
power converters operate in this range, we considered Material-80 for our simulations. 
Comparing the power loss density graphs of Material-80 and material 3F46 (from 
Ferroxcube) [16], it can be seen that the performance of the two is similar at the 








Figure 37 Performance Factor comparison: Material-80, Material-67 and Material-79. 
Image taken from [11]. 
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Chapter 4: An Example Design with 𝑳𝒎𝒂𝒈 =105nH, 1-10 Turns Ratio 
Using the design guidelines proposed and the trade-offs explored in the previous 
chapter, a transformer with quasi-distributed gaps was designed for use in a coupled-
inductor based boost converter. A high step-up transformer, operating at multi-MHz 
frequencies and carrying large currents in the windings is ideal to demonstrate the 
advantages of using the proposed transformer. In this chapter, we explain the steps for 
constructing a prototype and present a test plan for the same. The simulations showed 
that the designed transformer achieved the low loss and low leakage inductance 
properties of the QD gapped transformer presented in the Chapter 2. 
DESIGN CONSTRAINTS 
Figure 38 shows the circuit schematic of a coupled-inductor boost converter. The 
power converter is rated at 400W and steps-up 20V to 400V. It operates at a switching 
frequency of 2MHz and requires a transformer with a magnetizing inductance of 105nH 
and a 1-10 turns ratio. The expected peak primary current is 60A. Waveforms of the 
currents in the two windings are shown in Figure 23. 
The constraints on the transformer present significant design challenges which 
can be successfully mitigated by the proposed transformer structure. Because the 
transformer carries large primary currents (60A peak), current crowding in the conductors 
will significantly limit the efficiency of the converter. The proposed structure maintains 
double sided conduction in all the turns because of which the conduction losses due to 
current crowding can be eliminated. The reduction in conduction losses is achieved 
without the use of litz wire.  In the absence of a snubber, the power losses due to the 
stored energy in the leakage inductance of the transformer are significant. For example, a 
leakage to magnetizing inductance ratio of 5% results in a 7.5% drop in the efficiency of 
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the converter. Hence, the transformer needs to have as small of a leakage inductance as 
possible. The primary and secondary turns of the transformer can be interleaved to reduce 
the leakage inductance. However, as explained in Chapter 2, interleaving of the paralleled 
turns does not help in reducing the conduction losses in a conventional transformer 
structure because most of the current flows through the turn closest to the airgap. In the 
proposed structure however, the ability to split the primary winding in 10 parallel turns, 
and achieve almost uniform current division amongst them, can be leveraged to reduce 
the conduction losses as well as leakage inductance. Hence, the coupled-inductor boost 
converter provides an ideal testing platform for the proposed transformer. 
 
 
Figure 38 Circuit schematic of a coupled-inductor boost converter. 
DESIGN AND SIMULATIONS IN ANSYS-MAXWELL 
The transformer volume was initially constrained to be equal to the volume of a 
cylindrical structure with 𝑟𝑡 = 0.5 [𝑖𝑛] and ℎ𝑡 = 1 [𝑖𝑛]. The height of the endcaps was 
later tuned to reduce the core losses considering its tradeoff with volume. The primary 
and secondary windings had one and ten series turns, respectively. The primary was 
implemented with 10 paralleled turns that were interleaved and paired up with the 
secondary turns as explained in Chapter 2. The structure thus had 11 air gaps with the air 
gaps at the endcap having half the length (𝑙𝑔𝑒𝑐 = 50𝜇𝑚) of air gaps in the middle portion 
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(𝑙𝑔𝑚 = 100𝜇𝑚). To have conduction loss be approximately equal to core loss, we chose 
a 3:2 aspect ratio. The details of the geometry are provided in Table 7. 
Table 7  Geometry and specifications of the simulated transformer 
Magnetizing Inductance 105 nH 
Current As shown in Figure 23 
Core material Material-80 
Total Diameter 23 mm 
▪ Center-post diameter 15.6 mm 
▪ Window width 2.1 mm 
Total Core Height 34.5 mm 
▪ Core Section Height 2.5 mm 
▪ Endcap Height 3.5 mm 
▪ Total Gap length 1 mm 
Number of Primary turns 1 series, 10 parallel 
Number of Secondary turns 10 series, 1 parallel 
Wire 17 AWG 
▪ Bare copper diameter 1.15mm 
▪ Total diameter 1.22 mm 
 
As seen from Figure 26 and Figure 27 vertical fill of ~90% is optimum for 
minimizing the conduction losses. A 17AWG, solid magnet wire with heavy duty 
insulation [12] was used for both primary and secondary windings. Double sided 
conduction leads to optimum utilization of the skin of the conductor and maximizes the 
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efficiency obtained for a solid conductor. Not using litz wire leads to a design with 
reduced cost. The insulation coating on the wire provided the required spacing between 
the conductors. For ease of construction, the spacing between the conductors of primary 
and secondary windings of a pair (𝑐𝑠) and the spacing between adjacent pairs (𝑝𝑠) was 
kept equal. The winding achieved a vertical fill of ~88.5%. Material-80 was chosen as the 
core material due to its superior performance at 2MHz as compared to most of the 
available core materials on the market. For a window width of 2.1mm and the chosen 
wire diameter, the horizontal fill is ~55%. From Figure 32, it can be seen that the chosen 
window width minimizes the total losses for a transformer with 3:2 aspect ratio. The 
outer-shell has two vertical windows of width 3.9 mm through which the winding 
terminals can connect to the printed circuit board. An extra layer of core sections was 
added to accommodate the helical shaped winding.  
“Eddy current” simulations were performed in ANSYS Maxwell to find the 
inductance matrix parameters and the H, B and J field plots. These plots are shown in 
Figure 41 – Figure 42. The transformer achieves double sided conduction because of the 
balanced H-fields on the two sides of the winding. The inductance matrix parameters 
obtained from FEA simulations are shown in Table 8. These 2-D FEA simulations do not 
include the vertical windows leading to a magnetizing inductance larger than 105 nH. 
The expected leakage to magnetizing inductance percentage, as calculated from the 
inductance matrix, is ~0.8%. From Figure 41 it can be seen that the current divides 
almost evenly in the paralleled turns and flows along the entire skin of the conductor. The 
expected average conduction and core losses found from transient simulations are ~0.72 




Table 8  Impedance matrix of the simulated transformer 
𝑅11, 𝐿11 1(𝑚Ω), 113.75(𝑛𝐻) 𝑅12, 𝐿12 1.1346(𝑚Ω), 1132.8(𝑛𝐻) 
𝑅21, 𝐿21 1.1346(𝑚Ω), 1132.8(𝑛𝐻) 𝑅22, 𝐿22 95(𝑚Ω), 11372(𝑛𝐻) 
 
 
Figure 39 Equivalent circuit of the transformer based on the inductance matrix values 
obtained from ANSYS Maxwell simulation. 
 
 





Figure 41  Current distribution in the windings. The winding maintains double sided 




Figure 42  B-field in the core. Balancing the H-field in the center-post and outer-shell 
leads to an almost uniform distribution of B-field in the core. 
 
Figure 43  Current waveforms in the primary winding (green), secondary winding 
(blue) and solid loss in the winding (red). Average solid loss = 720mW. 
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Figure 44 Total core loss in the transformer (average = 403mW). Average core loss in 
center-post, outer-shell and endcaps was 176mW, 151mW and 75mW 
respectively. 
To build the transformer, core pieces made out of Material-80 were custom built. 
Because they had to be custom manufactured, there was a significant lead time, and the 
core pieces were not received within the time limit of the thesis. Here we demonstrate the 
steps involved in constructing the prototype using 3D printed pieces made from plastic. 
Later, we discuss the proposed testing plan for the transformer to validate the simulations 
performed in ANSYS Maxwell. Many works in the literature have used ANSYS Maxwell 
to demonstrate the validity of their magnetic structure and the experimental results 
matched the simulation results [7, 24 -33]. 
PROTOTYPE CONSTRUCTION 
We propose the following steps to build the transformer structure. First, the core 
material needs to be cut into the desired shapes. The two endcaps and each section of the 
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center post can be made out of thin discs of the desired height and radius. A stack up of 
the desired number of C-shaped core pieces can make up one half of the outer shell. 
Figure 45 to Figure 47 show the drawings of the core pieces that were manufactured.  
 
 
Figure 45  Drawing of a C-shaped piece of the outer shell that was manufactured. 
Eleven such pieces will be stacked (with laser cut pieces of shim stock 
providing the airgap spacing) to form one half of the outer shell. 
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Figure 46  Drawing of piece of the center post that was manufactured. Eleven such 
pieces will be stacked (with laser cut pieces of shim stock providing the 
airgap spacing) to form the center post. 
 
 
Figure 47 Drawing of an endcap that was manufactured. 
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Figure 50 – Figure 53 demonstrate the recommended procedure for constructing 
the prototype. The dummy prototype model was built modularly. The center post was 
made by stacking the core pieces together. A rod with 1mm diameter was inserted 
through a similarly sized hole in the center of the center-post pieces and endcaps to align 
them properly. The quasi-distributed gaps were created by placing pieces of shim-stock 
of appropriate thickness between the core pieces. The shim-stock was laser cut into the 
desired shapes. After assembling the center post, it was vertically pressed and taped so 
that it maintained its shape. The thickness of the tape was chosen to provide the desired 
separation between the center post and the winding. 
The winding was made such that 10 turns of the primary were paralleled and 
interleaved with the secondary turns. Figure 48 shows the winding pattern. To assist in 
winding the wire, a jig was 3D printed. The winding was first wound on the jig and then 
removed and placed around the center post. The 10-turn secondary was first tightly 
wound on the jig while leaving space for a primary turn to be wound between two 
adjacent secondary turns. Primary turns were wound one at a time and each turn was 
glued with the secondary turns on its either side so that it remained in place. Care was 
taken to leave minimum amount of space between the secondary and primary turns. 
Figure 49 shows the winding and the fixture. Each primary turn starts from one layer and 
ends on the layer above it (see Figure 48). For example, the first turn starts on the bottom 
left and ends on the right side on the second layer. The second paralleled turn of the 
primary starts on the left of the end terminal of the first turn. Once all turns were wound, 
the winding was slid out from the jig and inserted around the center post. It was then 
covered with more layers of tape to provide the spacing between the winding and the 
outer shell.  
 61 
The outer shell was created by stacking C-shaped core pieces on a 3D printed 
fixture as shown in Figure 52. The C-shaped core pieces and the laser-cut shim-stock 
pieces were mounted on the jig, pressed tightly and then taped. This was repeated to 
generate the other half of the outer shell. These separate sections of the outer shell were 
then placed around the center post and the winding. Figure 50 - Figure 53 show the 
prototype in different stages of construction. The final prototype was wrapped with tape 









Figure 49  Winding wound on a 3D printed jig. The primary has 10 paralleled turns 
that are interleaved with secondary (as shown in Figure 48). Each turn is 
glued to adjacent ones so that it maintains its shape. 
 
 
Figure 50  Center post pieces made out of plastic being assembled. A metal rod helps 




Figure 51  Winding being inserted on the assembled center post. 
 
Figure 52  Outer shell pieces being mounted on a jig. Laser cut shim stock pieces 




Figure 53  Assembled structure was covered with multiple layers of tape to apply 
vertical pressure. 
TEST PLAN 
Appendix C shows the complete layout of the PCB that has been designed to test 
the transformer. The layout of the test circuit alone is shown in Figure 54 with the loops 
on the PCB highlighted. Care was taken to have minimum loop inductance in the layout. 
Following tests will be performed to validate the performance of the transformer. 
Finding the inductance matrix 
The prototype transformer will be tested using an Impedance Analyzer (E5061B 
from Keysight). The T-model parameters can be found from the inductance matrix by the 
following relations. 
𝐿𝐴 = 𝐿11 − 𝑁𝐿12 
𝐿𝐵 = 𝑁
2𝐿22 − 𝑁𝐿12 
𝐿𝐶 = 𝑁𝐿12 
Here, 𝐿𝐴 is the leakage inductance on the primary side, 𝐿𝐵 is the primary-referred 
secondary leakage inductance and 𝐿𝑐 is the magnetizing inductance. 𝑁 is equal to 𝑁1/𝑁2.  
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Figure 54  Layout of the test circuit with loops highlighted.  
Table 9 Recommended measurements to identify parameters of the inductance 
matrix. 
 Port 1 Port 2 Measure 
1 
Apply 𝑣1 Open Circuit 














3 Open Circuit Apply 𝑣2 𝑍2/𝑗𝜔 = 𝐿22 
Determining current sharing between paralleled turns 
To test how well the current distributes in the paralleled turns of the transformer, 
the 1-turn side can be excited till the winding carries the desired amount of current. 
Sensing resistors can be used to measure the current through the turns. The choice of 
resistance is a trade-off between the voltage obtained across it (larger voltage can be 
measured with more fidelity) and the effect it has on current sharing between the turns. 
To quantify the effect of resistance value on current sharing, simulations were performed 
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in ANSYS Maxwell with the resistors included in ANSYS SchematicEditor. Table 10 
shows currents through the turns when different resistances are used. Considering these 
trade-offs, five sensing resistors of 0.5Ω, 1W are included on the PCB on the 1-turn side 
such that each resistor will carry a combined current from two paralleled turns. Using one 
resistor for sensing current through two turns allowed implementation of a PCB layout 
with lower parasitic inductances. 
Table 10  Current distribution among turns in the presence of 𝑅𝑠𝑒𝑛𝑠𝑒 when 10-turn 






















0Ω 0.858 1.012 0.981 0.962 0.951 0.948 0.952 0.964 0.987 1.381 
20𝑚Ω 0.858 1.013 0.98 0.961 0.952 0.948 0.953 0.969 0.982 1.381 
0.5Ω 0.86 1.031 0.965 0.955 0.962 1.004 0.9 1.152 0.795 1.374 
Determining core loss  
One possible way of determining that the winding experiences double sided 
conduction is by comparing the conduction loss measurements from ANSYS Maxwell 
with the experimental results. This, however, is not straightforward because the total 
power loss measured in the experimental results includes both core and conduction 
losses. Even though comparing the total power loss from the simulation and experimental 
setup could be sufficient to quantify the transformer’s performance as a whole, being able 
to separate the core and copper losses will provide a more direct proof of double-sided 
conduction. We thus also include circuitry to allow core loss measurement in the setup. 
While different methods are proposed in the literature for measuring core loss ([20] [22]) 
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each method has some challenges and limitations. Method suggested in [20] is sensitive 
to the phase discrepancy in the measured current and voltage waveforms as explained in 
[23]. Trying to estimate the winding resistance from an air core structure as 
recommended in [22] could be challenging in the presence of airgaps in the transformer 
under test [21].  
The method recommended in [23] has low sensitivity to the phase difference 
between the current and voltage and does not require finding the winding resistance. 
Figure 55 shows the circuit schematic. A capacitor (𝐶𝑟) is used to resonate with the 
magnetizing inductance (𝐿𝑚) because of which the voltages 𝑣𝐿𝑚 and 𝑣𝐶𝑟 cancel each 
other. The voltage on the secondary, 𝑣2, is (𝑣𝑅𝑐𝑜𝑟𝑒 + 𝑣𝐿𝑚) scaled by the turns-ratio. One 
advantage of using this method is that 𝑣2 does not include the voltage drop due to the 
winding resistance, allowing us to isolate core loss. By adding 𝑣𝐶𝑟 to an appropriately 
scaled value of 𝑣2 we can find 𝑣𝑅𝑐𝑜𝑟𝑒. The current through the winding can be found 
either from the voltage and impedance information of the capacitor or by using a sensing 
resistor. The current and 𝑣𝑅𝑐𝑜𝑟𝑒 will be in phase and can be used to find the core loss in 
the system without much sensitivity to the errors in phase measurements. Core loss can 








A 560𝑝𝐹, 500V rated, high Q capacitor was selected to be used for establishing 
the resonance. If the magnetizing inductance referred to the 10-turn side is 10.5𝜇𝐻, the 
capacitor will resonate with the inductor at ~2.075MHz. After finding 𝑃𝑐𝑜𝑟𝑒 the winding 
loss can be found and compared with the simulation results.  
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Figure 55  Core loss measurement circuitry with equivalent model of the 
transformer[23] 
 
Performance in the coupled-inductor boost converter 
Finally, the transformer will be tested in the coupled-inductor boost converter. 
Appendix C shows the layout of the converter. Simulations of the coupled inductor boost 
converter were performed in PLECS software with a conventional lumped gap 
transformer (assuming 5% leakage to magnetizing inductance) and with the proposed 
transformer (with inductance matrix values obtained from ANSYS Maxwell – shown in 
Table 8). The converter efficiency improved substantially, from 92% to 98%, when the 
proposed transformer was used instead of the conventional transformer. The 
improvement in the efficiency of the converter when using the proposed transformer will 
be experimentally validated and compared with that when a conventional transformer is 
used. Figure 56 shows a conventional pot core transformer that was built with a winding 




Figure 56  A conventional pot core transformer (1-10 turns, 𝐿𝑚𝑎𝑔 = 105𝑛𝐻) built for 
comparison with the proposed transformer structure.  
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Chapter 5: Conclusion 
In this thesis we proposed a low loss, low leakage transformer that is suitable for 
application in high frequency power converters. The proposed structure achieves almost 
zero MMF drop across the window reluctance (𝑅𝑤). Because of this, the transformer 
achieves a very small leakage inductance. Low leakage inductance enables the use of this 
transformer structure in power converters like coupled-inductor boost or Flyback 
converters which would otherwise require additional circuitry to recover the energy 
stored in the leakage inductance. The transformer achieves low conduction losses by 
balancing the H-fields on the two sides of the windings so that the current flows along 
nearly the entire skin of the conductor. Quasi-distributed gaps and balanced H-fields 
result in each turn of the transformer winding being in a magnetically similar 
environment. This allows paralleling of the turns of the transformer winding such that 
each turn carries almost equal current. These properties make the transformer especially 
suitable for applications with large currents and requiring high turns ratio.  
The analytical method and formulae for finding the airgap reluctances and the 
leakage and magnetizing inductances can be used to solve the reluctance model of the 
structure either in a Spice simulator like LTSpice or by solving the circuit equations in an 
appropriate scripting language like MATLAB. Being able to predict the performance of 
the structure without relying on the much slower Finite Element Analysis methods helps 
speedup the design process. The design guidelines provided in the thesis further help in 
identifying crucial design tradeoffs. Using the recommended values of the design 
parameters helps in achieving a roughly optimized transformer. The designer can then 
choose to refine the design by running FEA simulations. The proposed design guidelines 
were used to design a transformer to be used in a coupled inductor based boost converter.   
 71 
Appendices 
APPENDIX A: SIMULATION SETUP 
In Chapter 3, Design Guidelines, core and conduction losses were found using 
ANSYS Maxwell. Here, we briefly discuss the method used to find the same. 
For a chosen Horizontal and Vertical Fill, the center-post, outer-shell and the 
airgaps were sized to achieve the desired magnetizing inductance and balanced H-field on 
the two sides of the winding. Eddy current simulations were used to obtain the inductance 
matrix and study the H, B and J-Fields in the structure. Both primary and secondary turns 
were excited externally through ANSYS Schematic Editor. After finalizing the structure 
that achieved the desired impedance matrix and double-sided conduction, a transient 
simulation was setup with the same structure and a piecewise-linear current excitation 
shown in Figure 23. This transient simulation was used to determine the core and 
winding losses in the transformer. 
Winding losses can be found analytically using the resistance matrix parameters 
as shown below [13]. 
 𝑃𝑎𝑣 = 0.5|𝐼1|
2𝑅11 + 0.5|𝐼2|
2𝑅22 + |𝐼1||𝐼2|𝑅𝑚cos (∠𝐼1 − ∠𝐼2) (28) 
Here, 𝐼1 and 𝐼2 are the primary and secondary current phasors. For a non-
sinusoidal current waveform, the total conduction loss (𝑃𝑎𝑣) can be found by summing up 
the power loss due to currents of each harmonic. Even though it is possible to break up 
the primary and secondary current waveforms of Figure 23 into their constituent 
harmonics and calculate the power loss from the magnitude and relative phase 
information of each harmonic, finding conduction loss through transient simulations is a 
quicker way for doing the same. In ANSYS Maxwell, the average “solid loss” over one 
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cycle can be plotted and the average of the same was used as an estimate of the 
conduction loss per cycle. 
Unlike conduction losses, finding core loss for a non-sinusoidal excitation using 
analytical methods is not straight forward. Both, the Steinmetz Equation and the power 
loss density data provided by manufacturers are based on sinusoidal excitation. However, 
like in our case, magnetics in power converters often experience non-sinusoidal 
excitations. The Steinmetz Equation also does not consider the effects of DC bias in the 
excitation waveform and minor loops in the same [14]. All these things make the use of 
Steinmetz Equation to predict the core loss less reliable. In addition to this, the 
distribution of the magnetic field in the core is not uniform. Because of this, simply using 
the average value of the B-field in the entire core in core loss equations, like Steinmetz 
Equation, will not yield a correct answer even for a sinusoidal excitation. 
The core loss feature in ANSYS Maxwell should consider the non-uniform 
distribution of the B-field in the core. The author, however, is not aware of the methods 
the core loss function uses to determine the losses in a transient simulation with non-
sinusoidal excitation. We, thus, compare the core loss results obtained from ANSYS 
Maxwell’s core loss function with the core loss predicted by “improved Generalized 
Steinmetz Equation” (iGSE). iGSE is a commonly employed analytical method for 
estimating core loss in the presence of a non-sinusoidal excitation and its predictions 
have been shown to agree well with experimental results [15]. 
To find core loss using iGSE, one needs to know the magnetic flux density (B) as 
a function of time. Considering average B-field in the center-post and finding losses in it 
is better for comparing ANSYS Maxwell’s loss calculations with iGSE instead of 
considering the entire structure because the center-post has an almost uniform B-field 
distribution. An example plot of average B-field in the center-post is shown in Figure 57. 
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As can be seen, for the current excitation of Figure 23, the B-field plot does not have 
minor loops. Core loss using iGSE was found by numerically solving equations (29) and 
(30) using a MATLAB script [15]. 𝑘, 𝛼 and 𝛽 are the Steinmetz Parameters found from 



















To find core loss in ANSYS Maxwell, a new material was defined using the B-H 
curve and the power loss density curves provided by the manufacturer. For an application 
which does not experience large peak B-fields a constant permeability can be provided 
instead. Figure 58 and Figure 59 show the B-H and power loss density data that were 
input in the material definition window. Based on the power loss density data provided, 
ANSYS Maxwell automatically calculates the Steinmetz Constants for the material. For 
the Steinmetz Equation - 𝑃𝑣(𝑊/𝑚
3) = 𝑘𝑓𝛼𝐵𝛽 – the values of 𝑘, 𝛼 and 𝛽 were found to 
be 1.44 × 10−6, 2.37 and 2.54 respectively. The same constants were used to find core 
loss using iGSE. 
Core loss in the center-post found using ANSYS Maxwell and iGSE agreed with 
each other to a good extent. From Figure 43 it can be seen that there is ~10% difference 
between the predictions of the two methods. Having found that the two methods give 
similar results, further core loss estimates were found using ANSYS Maxwell as it would 
take the non-uniform distribution of B-field into account. 
 74 
 
Figure 57 Average B-field in the center-post as a function of time 
 
 
Figure 58 B-H data input to ANSYS Maxwell. 
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Figure 59 Power loss density at different frequencies input to ANSYS Maxwell. 
 
 
Figure 60 Comparing core loss predictions of Improved Generalized Steinmetz 
Equation and ANSYS Maxwell 
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APPENDIX B: FRINGING FIELD LOSSES FOR THE 𝑭𝒉 AND 𝑭𝒗 RECOMMENDATIONS IN 
CHAPTER 3 
Here we show that the recommendations of the Horizontal and Vertical Fills for 
the proposed structure are in agreement with the recommendations of [2] for most parts 
of the recommended range. To minimize the losses due to fringing fields due to quasi-
distributed gaps, [2] recommends that the pitch of the gaps (𝑝) and the spacing between 
the QD gap and the winding (𝑠) should satisfy the relation 𝑝 < 4𝑠. The derivation below 
follows a similar route as in [7]. 
The horizontal and the vertical fills can be written in terms of the number of turns 
(N), the wire diameter (𝐷𝑤) and the window height (ℎ𝑤) as follows. The window height 















The spacing between the winding and the QD gaps can be written in terms of 𝐹𝑣 
































− 1) 𝐹𝑣 > 1 (35) 
Many combinations in the ranges 0.4 < 𝐹ℎ < 0.5 (lower half of the recommended 
𝐹ℎ range) and 0.85 < 𝐹𝑣 < 0.95 (entire recommended 𝐹𝑣 range), satisfy the above 
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criteria. For the edge cases, for example when 𝐹𝑣 is small, it is possible to consciously 
choose 𝐹ℎ to be low to meet the criteria in [2]. For 𝐹ℎ > 0.5, however, the 
recommendations of Chapter 3 will violate the recommendations of [2]. FEA simulations, 
however, show that despite not meeting the 𝑝 < 4𝑠 criteria, these edge cases still 
generate nearly optimized structures. It can be seen from Figure 31 that the designs which 
have their optima at higher 𝐹ℎ also have higher 𝐹𝑣. This trend is in agreement with the 
𝑝 < 4𝑠 criteria because to satisfy Equation 35 for larger horizontal fill, the vertical fill 




Figure 61  Solutions to Equation 35 for various recommended 𝐹ℎ and 𝐹𝑣 values. 𝐹ℎ and 
𝐹𝑣 combinations to the left of the red line satisfy 𝑝 < 4𝑠 criteria. 
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APPENDIX C: LAYOUT OF THE PCB  
This appendix contains the PCB layout of the power converter and the testing 
setup (top left of the PCB). The PCB layout design was largely carried out by Allen 
Nguyen. 
The images are in the following order: 
1. Front copper layer 
2. Bottom copper layer 
3. Copper layer 2 
4. Copper Layer 3 
5. Front solder mask 
6. Bottom solder mask 
7. Front silk screen 
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